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Abstract. We place updated constraints on dark matter annihilation into neutrinos, us-
ing the most recently available data from neutrino detectors. We consider Galactic and
extragalactic signals of s, p, and d-wave annihilation processes directly into neutrino pairs,
and furthermore provide projections for next-generation neutrino experiments. Our con-
straints span dark matter masses from MeV to ZeV, ranging from 〈σv〉 ∼ 5× 10−26 cm3s−1
to 10−19 cm3s−1, respectively. When directional information is available, constraints are
strongest. Experiments that report directional and energy information of their events pro-
vide much stronger constraints, outlining the importance of making such data public.
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1 Introduction
Thermal production of weakly-interacting dark matter (DM) in the Early Universe implies
possible ongoing self-annihilation to standard model (SM) particles in dark matter halos
today. Significant effort has gone into searches for indirect signatures of DM annihilation.
Annihilation to most SM states yields an abundance of photons with energies on the order
of 10% of the DM mass, such that some of the strongest constraints on particle DM models
are from the (non) observation of X- and gamma-ray signals from the Milky Way and its
satellite galaxies; see e.g. [1, 2]. Cosmic-ray signatures provide similarly constraining limits,
reports of excesses notwithstanding; see [3] and references therein.
As X- and gamma-ray experiments rely, by design, on electromagnetic signals, they are
optimal for probing links between the dark sector and quarks or charged leptons, although
neutrino detectors can still play a role in these searches [4]. There is a distinct possibility,
however, that the principal portal through which the DM interacts with the SM is via the
neutrino sector [5]. This naturally arises in “scotogenic” models, in which neutrino mass
generation occurs through interactions with the dark sector [6–13]. These models introduce
heavy neutrino states – sometimes called dark neutrinos – that are also motivated as they can
explain the MiniBooNE anomaly [14–17]. “Secret” neutrino interactions with dark matter
have recently become a very active field of investigation, where constraints have been obtained
using high-energy astrophysical neutrinos [18–26], solar neutrinos [27], cosmology [28, 29], and
accelerator neutrino experiments [30–32].
Neutrinos are light, neutral, and notoriously difficult to detect. If DM annihilates to heavy
states such as muons, quarks, or weak bosons, a neutrino signal will be produced. Unless
annihilation occurs in an optically thick environment, the associated photon signal will always
be easier to detect. We thus choose to focus on the most invisible channel: direct annihilation
of DM into neutrino-antineutrino pairs, whose energy will be equal to the DM rest mass, i.e.
Eν = mχ.
The past two decades have seen extraordinary progress in the field of neutrino physics.
Observations span a wide energy range, from the MeV pp solar neutrino flux [33] to the
PeV high-energy astrophysical neutrinos [34–36]. Furthermore, limits exist all the way up to
∼ 1012 GeV [37, 38]. With these observations, a multitude of experimental constraints have
been derived on the DM annihilation cross section to neutrino pairs, either by experimental
collaborations themselves or by independent authors recasting results of previous searches.
The goal of this work is to collect, when available, existing constraints on the χχ → νν¯
annihilation channel, and otherwise to compute such limits from available data. We focus on
the two most promising sources of DM annihilation signal: 1) the dark matter halo of the
Milky Way, in which we are deeply embedded, and 2) the full cosmic flux from the sum of
all DM halos within our cosmological horizon.
Our main results are a set of constraints on a constant (s-wave) thermally averaged
annihilation cross section 〈σv〉. Where possible, we also compute constraints on p-wave
(〈σv〉 ∝ (v/c)2) and d-wave (〈σv〉 ∝ (v/c)4) suppressed annihilations. These results are pro-
vided in a series of figures 2–6. We cover a mass range from 1 MeV to 1015 MeV. While the
upper limit is a function of experimental reach, neutrino-coupled dark matter is severely con-
strained below ∼ 10 MeV based on its modification of Neff , the energy density in relativistic
particles during nucleosynthesis [39–48].
The neutrino flux from DM annihilation depends sensitively on the DM halo shape, and
many different assumptions have been employed, some in contradiction with kinematic ob-
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servations [49]. We thus embark on the endeavour to rescale or recompute all constraints
using a single set of DM halo parameters. Depending on the nature of the study and the
available data, this is not always possible; when this is the case we explicitly mention it. We
provide, in the final section, estimates on the uncertainties associated with the choice of DM
halo parameters.
This work contains the most up-to-date constraints. While a few experiments come close
in certain narrow mass ranges, it remains clear that current observations are not yet able to
probe annihilation cross sections that explain the observed relic abundance of DM through
thermal freeze-out. This leaves plenty of room open for future searches, which is why we also
present a forecast of possible limits from upcoming neutrino experiments [50].
The structure of this article is as follows: we begin in Sec. 2 with a review of the annihilation
signal we are constraining, from the Milky Way halo in Sec. 2.1 and from the isotropic
background of extragalactic halos in Sec. 2.2. In Sec. 2.3, we detail the calculations needed to
extend our analysis to velocity-dependent annihilations, namely p-wave and d-wave processes.
Our results are presented in Sec. 3, including results from previous analyses that we recast
to be consistent with our halo assumptions, wherever possible. Sec. 3.2 shows the results
of varying these assumptions in the range allowed by stellar dynamic observations for the
Galactic component and simulation results for the extragalactic one. Finally, we conclude in
Sec. 4.
2 Dark matter annihilation
Neutrinos are the weakest interacting stable particles in the SM and, consequently, the hardest
to detect. In the context of indirect detection, this implies that models where DM annihilates
predominantly to neutrinos are difficult to rule-out. This makes the study of neutrinos as
a final state particle particularly interesting as, so far, all direct and indirect searches for
the footprints of DM–SM interactions have come up empty [51, 52]. The limits derived on
the DM annihilation to neutrinos can be interpreted as an upper bound on the total DM
annihilation cross section to SM particles [53, 54], since the latter is larger by definition.
From a particle physics point of view, the direct annihilation of DM to neutrinos at tree
level requires the addition of a neutrino-DM term to the SM Lagrangian that couples them.
Since neutrinos belong to an SU(2) doublet, na¨ıve SM gauge invariance implies that coupling
neutrinos with DM would also induce an interaction between the DM and the charged leptons,
mediated, e.g., by a new Z-like particle. Such interactions are highly constrained, as they
lead to production of dijet or dilepton signatures observable at colliders (see e.g. [55, 56]),
fixed target experiments [57], and direct detection experiments (see e.g. [58] and references
therein).
Nevertheless, there exist viable models in which the DM phenomenology is dominated by its
interactions with neutrinos [5]. Coupling only to the heavier lepton generations can strongly
mitigate bounds from electron interactions, e.g. by introducing a U(1)Lµ−Lτ symmetry [59,
60]. A more elegant option allows the DM to interact with a sterile neutrino that then mixes
with the active neutrinos, leading to direct annihilations of DM to neutrinos if the mass of
the sterile neutrino is larger than the DM mass [17, 61]. If the sterile-light mixing is sizable,
DM–neutrino interactions will provide the best window to understand such DM models. A
comprehensive review of these scenarios can be found in [5].
Finally, we are considering direct annihilation to neutrinos without including electroweak
(EW) corrections, which severely complicate the spectral shape computations. At very high
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energies, these would lead to slightly weaker bounds than what we present here. A more
important consequence is the presence of gamma radiation from the decay of EW prod-
ucts, which can potentially provide complementary constraints to dedicated neutrino-line
searches [62]. Using these secondary products, current constraints on the thermally averaged
annihilation cross section to neutrinos from FERMI and HESS hover around 10−23 cm3s−1
in the 300 GeV to 3 TeV mass range [63]. These gamma-ray based constraints are at the
same level as current bounds from ANTARES [64], but are expected to be improved by the
next generation gamma-ray experiments such as CTA [63]. We will provide an example us-
ing projections for the Cherenkov Telescope Array (CTA) in Sec. 3. However, we caution
that disentangling such a signal from astrophysical backgrounds becomes far more compli-
cated than the relatively clean signature of a mono-energetic neutrino line. Moreover, at
masses greater than ∼ PeV, neutrino observatories are significantly more effective in con-
straining dark matter annihilation, as the gamma-ray signals are attenuated by extragalactic
background light absorption.
2.1 Galactic contribution
We begin by setting limits on DM annihilation to neutrino pairs in the Milky Way (MW)
dark matter halo. The expected flux per flavor of neutrinos and antineutrinos at Earth,
assuming equal flavor composition1, is given by
dΦν+ν¯
dEν
=
1
4pi
〈σv〉
κm2χ
1
3
dNν
dEν
J(Ω), (2.1)
where κ is 2 for Majorona DM and 4 for Dirac DM, mχ is the DM mass, and 〈σv〉 is the
thermally averaged self-annihilation cross section into all neutrino flavors. The spectrum in
the case of annihilation to two neutrinos is simply dNν/dEν = δ(1−E/mχ)mχ/E2. J(Ω) is
a three-dimensional integral over the target solid angle in the sky, dΩ, and the line of sight,
namely
J ≡
∫
dΩ
∫
l.o.s.
ρ2χ(x)dx. (2.2)
It is referred to as the J-factor and has units of GeV2 cm−5 sr.2
In terms of the line of sight distance, x, the galactocentric distance is
r =
√
R20 − 2xR0 cosψ + x2, (2.3)
where ψ is the angle between the Galactic center (GC) and the line of sight, and R0 is the
distance from the Sun to the GC. In practice, the upper limit of integration can be set at
xmax =
√
R2halo − sin2 ψR20 +R0 cosψ, (2.4)
for some maximum halo radius Rhalo. The J-factor remains approximately unchanged for
Rhalo & 30 kpc.
1If the flavor composition at the source is not democratic, neutrino oscillation will yield a flavor composition
at Earth that is close, but not equal to (νe : νµ : ντ ) = (1 : 1 : 1). Annihilation to νe only will give
∼ (0.55 : 0.25 : 0.2); to νµ: ∼ (0.25 : 0.36 : 0.38) and ντ yields ∼ (0.19 : 0.38 : 0.43).
2Another equivalent convention used in the literature is to report the dimensionless quantity J =
J/∆ΩR0ρ
2
0 [54].
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To parametrize the DM halo, we use a generalized Navarro-Frenk-White (NFW) profile,
which is given by
ρχ = ρs
23−γ(
r
rs
)γ (
1 + rrs
)3−γ . (2.5)
We take the Sun to be located R0 = 8.127 kpc from the GC, as determined by recent mea-
surements of the four-telescope interferometric beam-combiner instrument GRAVITY [65].
We use DM halo parameters compatible with the best-fit values of [49], i.e.: a local density
of ρ0 = 0.4 GeV cm
−3, a slope parameter γ = 1.2, and scale radius rs = 20 kpc. The re-
sulting J-factor – for s, p, and d-wave annihilation – is shown in Tbl. 1. Some experiments,
such as ANITA, AUGER, and GRAND, are only sensitive to a certain region of the sky. In
these cases, the corresponding J-factors must be recomputed by converting their respective
sensitivity from elevation/azimuth to galactic coordinates, and integrating over the resulting
region. A value of the J-factor is not given for some experiments, where the flux cannot
be factored out as in Eq. (2.1). This could be due e.g. to an energy-dependent acceptance.
These are also shown in Tbl. 1. When the exposure is not a simple declination window, we
provide the reference to where it can be obtained. Recent works [49, 66–68] have constrained
the halo shape and density parameters, using observations of stellar dynamics in the MW. In
Sec. 3.2, we illustrate the effect on the dark matter limits obtained in this work when varying
these parameters within those constraints.
2.2 Extragalactic contribution
In addition to DM annihilation in the MW, annihilation of extragalactic dark matter inte-
grated over all redshifts should provide a diffuse isotropic neutrino signal [53]. As in the
search for extragalactic background light, there are two contributions to this isotropic flux:
1) a “background” flux from the diffuse (non-collapsed) distribution of DM, whose rate grows
with redshift as Ω2DM ∼ (1 + z)6, and 2) a late-time contribution from the large overdensities
in galactic halos.
In this case, the neutrino and anti neutrino flux from DM annihilation is given by
dΦν+ν¯
dEν
=
c
4pi
Ω2DMρ
2
c〈σv〉
2m2x
∫ zup
0
dz
(1 +G(z)) (1 + z)3
H(z)
dNν+ν¯ (E
′)
dE
, (2.6)
where H(z) = H0
[
(1 + z)3Ωm + (1 + z)
4Ωr + ΩΛ
]1/2
is the time-dependent Hubble param-
eter, where Ωm, Ωr, and ΩΛ are respectively the fraction of the critical density ρc made up
of matter, radiation and dark energy. While the upper limit on redshift, zup, can in prin-
ciple be as high as the neutrino decoupling time at T ∼ MeV, neutrinos produced at that
epoch are redshifted to the point of being invisible to existing detectors. dNν (E
′)/dE is the
neutrino spectrum at the detector, where E′ (E) is the energy at the source (detector). The
spectrum is related to the source production spectrum via a Jacobian transformation to take
cosmological redshift into account, namely
dNν+ν¯ (E
′)
dE
=
1
3
mχ
E′2
δ
(mχ
E′
− 1
)
=
1
3E
δ
[
z −
(mχ
E
− 1
)]
. (2.7)
In this equation, the 1/3 accounts for the three active neutrino flavors. In Eq. (2.6), 〈σv〉 is
the thermally averaged cross section and ρc is the critical density of the Universe. The first
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Experiment Exposure Halo parameters Js/10
23 Jp/10
17 Jd/10
11
♥ All-sky All-sky 2.3 2.2 3.6
♥ GRAND Fig. 24 of [69] γ = 1.2, ρ0 = 0.4 GeV/cm
3,
R0 = 8.127 kpc, rs = 20 kpc
0.28 0.28 0.46
♥ Auger Fig. 1 of [70] −− −− −−
♥ANITA dec = [1.5◦, 4◦] 0.018 0.018 0.028
SK [28]
All-sky
γ = 1, ρ0 = 0.3 GeV/cm
3,
R0 = 8.5 kpc, rs = 9.4 kpc
2.0 4.3 7.1HK [71]
DUNE [72]
DARWIN [73] All-sky
γ = 1, ρ0 = 0.3 GeV/cm
3,
R0 = 8.33 kpc, rs = 24.42 kpc
0.45 2.2 3.6
CTA [63] Galactic Center [63] − 0.074 0.12 0.16
Table 1: J-factors for different experiments discussed in this work and their
associated halo parameters. J-factors, given in units of GeV2 cm−5 sr, are computed ac-
cording to Eq. (2.2). We use these to find the expected neutrino flux as described in Eq. (2.1).
Each row corresponds to a different experimental setup given its angular exposure. The first
column names the experiment; the second column summarizes their angular acceptance; the
third column gives the halo parameters used to compute the J-factors. Finally, the last three
columns give the s-wave, p-wave, and d-wave J-factors, respectively. The hearts, ♥, indicate
new results given in this work.
part of the factor 1 +G(z) in the integrand of Eq. (2.6) represents the isotropic background
DM contribution, while G(z) is the halo boost factor at redshift z. It accounts for the
enhancement to the annihilation rate in DM clusters and their evolution with redshift; and
is given by
G(z) =
1
Ω2DM,0ρ
2
c
1
(1 + z)6
∫
dM
dn(M, z)
dM
∫
dr4pir2ρ2χ(r). (2.8)
The first integral is over halo masses M whose distribution is specified by the halo mass
function (HMF), dn/dM , while the second integral is over the halo overdensities themselves.
We model the latter as self-similar NFW profiles whose densities and radii are specified by a
concentration parameter uniquely determined by their mass and redshift. The parametriza-
tion that we employ is based on fits to the MultiDark/BigBolshoi [74] simulations and can
be found in Appendix of [75].
Two uncertainties arise from the integral over M . First is the choice of integration limits,
specifically the lower limit, Mmin. This is because smaller halos are more concentrated,
thus contributing more to the injected neutrino energy, which means choosing arbitrarily
low-minimum halo masses results in unrealistic limits. It is common in the literature to
use Mmin = 10
−6M as a benchmark, although there is no data-driven motivation for this
choice. Mmin is not well-constrained, and will ultimately depend on model details [76, 77].
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Therefore, in this work we pick Mmin = 10
−3M as a conservative limit choice. In section 3.2,
we show the effect of varying Mmin down to 10
−9M. The other uncertainty arises from the
choice of HMF, dn/dM , parametrization. We use the results of the N-body simulation
by [78], as parametrized in [75, 79]. Several other HMF parametrizations are tested, and the
uncertainties due to choice of HMF are quantified in Sec. 3.2.
The expected spectrum of DM annihilation to two neutrinos from cosmological sources
is shown in Fig. 1, for different DM masses. These are overlaid on the Super-Kamiokande
(SK) [80] and IceCube [81, 82] unfolded atmospheric νe and νµ fluxes as well as the isotropic
astrophysical flux [83].
2.3 Velocity-dependent annihilation
Certain matrix element vertex structures lead to a suppression of the constant (s-wave) part
of the self-annihilation cross section. Expanding in powers of v/c, the dominant term may
be p-wave (∝ v2) or d-wave (∝ v4) in the nonrelativistic limit. The DM velocity distribution
depends on the kinematic details of the structure in which it is bound, as well as its distance
from the center of that distribution. Assuming a normalized Maxwellian distribution, f(v, r),
with dispersion v0(r), the annihilation rate will be proportional to
〈vn〉 =
∫
d3vf(v, r)vn, (2.9)
where f(v, r) is the normalized DM phase space distribution. For p- and d-wave, this respec-
tively yields
〈v2〉 = 3v20(r), (2.10)
〈v4〉 = 15v40(r). (2.11)
We obtain the dispersion velocity, v0, by solving the spherical Jeans equation, assuming
isotropy. This is given by
d(ρ(r)v20(r))
dr
= −ρ(r)dφ(r)
dr
, (2.12)
where φ(r) is the total gravitational potential at radius r. For Galactic constraints, we
include not only the contribution of the DM halo to φ(r), but also follow [84] and include a
parametrization of the MW bulge and disk potentials to account for their masses. These are
given by
φ(r)bulge = −GNMb
r + cb
, (2.13)
φ(r)disk = −GNMd
r
(
1− e−r/cd
)
, (2.14)
where GN is Newton’s gravitational constant, Mb = 1.5× 1010M, and cb = 0.6 kpc are the
bulge mass and scale radius, while Md = 7× 1010M and cd = 4 kpc are the disk mass and
scale radius [84]. Galactic J-factors can then be reevaluated via
Jvn =
∫
dΩ
∫
l.o.s.
〈vn(r)〉
cn
ρ2χ(r)dx. (2.15)
In the case of our extragalactic analysis, we only include the potential from the DM halos
themselves. This is conservative, in that the addition of the uncertain baryonic contributions
– 7 –
100 102 104 106
Eν (GeV)
10−8
10−6
10−4
10−2
E
2 ν
d
N
/d
E
ν
(G
eV
cm
−2
s−
1
sr
−1
)
νµ mχ = 100 GeV
mχ = 10
2 GeV
mχ = 10
4 GeV
SK νµ
IceCube νµ
10−1 101 103 105
Eν (GeV)
10−8
10−6
10−4
10−2
E
2 ν
d
N
/d
E
ν
(G
eV
cm
−2
s−
1
sr
−1
)
νe mχ = 100 GeV
mχ = 10
2 GeV
mχ = 10
4 GeV
SK νe
IceCube νe
104 105 106 107 108
Eν (GeV)
10−10
10−9
10−8
10−7
10−6
E
2 ν
d
N
/d
E
ν
(G
eV
cm
−2
s−
1
sr
−1
)
νe,µ,τ mχ = 106 GeV
Isotropic Astrophysical
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Figure 1: Examples of neutrino fluxes produced by dark matter annihilation over-
layed on the observed neutrino distributions. Expected flux of neutrinos from extra-
galactic dark matter annihilation as a function of energy, shown for several dark matter
masses. Fluxes are computed using the 90% C.L. values of the cross section. Here, the extra-
galactic dark matter annihilation fluxes are compared to the unfolded atmospheric fluxes from
both Super-Kamiokande [80] and IceCube [81, 82]. Top left is the νµ channel; top right is the
νe channel; the bottom shows a comparison to IceCube’s measured isotropic Astrophysical
flux using six years of Starting Events [83].
would only strengthen our constraints. In a similar manner to the Galactic case, Eqs. (2.6)
and (2.8) must be modified to include the dependence on 〈vn〉(r). Eq. (2.6) becomes:
dΦν
dEν
=
c
4pi
Ω2DMρ
2
c〈σv〉
2m2x
∫ zup
0
dz
([
1+z
1+zKD
]n
+Gn(z)
)
(1 + z)3
H(z)
dNν (E
′)
dE
, (2.16)
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where the redshift zKD is related to the temperature at kinetic decoupling TKD and the tem-
perature of the CMB today TCMB,0 via 1 + zKD = TKD/TCMB,0 ' 4.2× 109 (TKD/MeV) [79].
Ref [76] obtained a temperature of kinetic decoupling:
TKD ' 2.02 MeV
( mχ
GeV
)3/4
. (2.17)
In general, kinetic decoupling occurs later than chemical freeze-out and depends on the num-
ber of relativistic degrees of freedom g?(TKD). At redshifts where the annihilation products
are still measurable by earth-based detectors, the factor of ((1 + z)/(1 + zKD))
n still leads
to a strong enough suppression that it will always be subdominant to the halo contribution
proportional to Gn(z). The exact value of TKD in Eq. (2.17) is thus inconsequential. Eq. (2.8)
including velocity dependence is rewritten as follows:
Gn(z) =
1
Ω2DM,0ρ
2
c
1
(1 + z)6
∫
dM
dn(M, z)
dM
∫
dr4pir2
〈vn(r)〉
cn
ρ2χ(r), (2.18)
where we have used the same HMF as in the velocity-independent case, with the addition
of the velocity dispersion, 〈vn(r)〉, in the rightmost integral. Ref. [79] provides the detailed
method of solving the Jeans equation to compute 〈vn(r)〉 as a function of the DM halo
concentration. For convenience, we provide the following function for the p− and d−wave
cases:
ln(Gn) '
∑
i
ci α
i, (2.19)
where ci are the coefficients provided in Tbl. 2, and α ≡ ln(z). This parametrization is valid
down to redshifts & 10−3.
p−wave d−wave
c0 −7.004 −19.88
c1 −1.821 −2.493
c2 −0.5793 −0.804
c3 −0.09559 −0.1636
c4 −0.006148 −0.02101
c5 0 −0.001181
Table 2: Coefficients of the polynomial fit to velocity dependent halo boost factors.
The coefficients corresponding to Eq. (2.19), which is a parametrization to the numerical
solution of Eq. (2.18).
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Figure 2: The landscape of dark matter annihilation into neutrinos. We show results from this work, as well as previously
published limits. Data and corresponding references are detailed in Sec. 3. Solid and dashed lines represent 90% CL limits and
sensitivities, respectively. Projected sensitivities assume five years of data taking for neutrino experiments and 100 hours of observation
for CTA. The dotted line corresponds to the value required to explain the observed abundance via thermal freeze-out. The straight
diagonal line, labeled as “Unitarity Bound,” gives the maximum allowed cross section for a non-composite DM particle. These results
assume 100% of the dark matter is composed of a given particle, if instead only a fraction, f , is considered these results should be
rescaled by 1/f2. The heart symbols, ♥, indicate new results obtained in this work.
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Figure 3: The landscape of sub-GeV dark matter annihilation into neutrinos.
Same as Fig. 2, but restricted to dark matter masses below one GeV.
3 Results
Our main results are shown in Figs. 2-6. Fig. 2 shows the results derived according to the
procedures described in Secs. 2.1 and 2.2, in addition to previous results available in the
literature. Fig. 3 shows a more detailed view of the low-mass (sub-GeV) range; Fig. 4 shows
results for the high-mass (103-1012 GeV) region. Finally, Figs. 5-6 provide the constraints
in the case of velocity-dependent p-wave and d-wave annihilation, respectively. We label the
results derived specifically for this work with a heart (♥).
In the rest of this section, we describe the data that we used to produce or recast limits on
DM annihilation into neutrinos according to the procedures outlined in Sec. 2. We split the
data into three lists: 1) data used to construct constraints in Fig. 2; 2) previous limits that
we have recast; and 3) data used to place limits in the high mass (mχ > 10
3 GeV) region.
When reporting literature results, where possible, we have rescaled them to use the same
halo parameters, i.e. consistent J-factors, as computed in Sec. 2.1. In this way, we ensure that
the constraints we present can be properly compared one with another. The rescaling could
not be done in the case of ANTARES [64], SK [92], and IceCube [88], since these were event-
by-event analyses for which data is not publicly available. This is unfortunate since the halo
parameters used in these studies are no longer preferred, see discussion in Sec. 3.2. Shaded
regions correspond to experimental limits, whereas dashed lines are projections based on
future experimental sensitivity. Finally, we include two lines for reference. First, the dotted
black line corresponds to the cross section required to produce the observed relic abundance
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Figure 4: The landscape of supra-TeV dark matter annihilation into neutrinos.
Same as Fig. 2, but for the high-mass region. All the experimental constraints in this plot
are calculated by converting either the detected flux or the reported upper limit into a
conservative upper bound on the DM annihilation cross section.
from thermal freeze-out computed as in Ref. [93], and second, the solid black line labeled
“unitarity bound” corresponds to the perturbative unitarity limit on non-composite WIMP
dark matter [94]; see [95] for a recent discussion.
The limits shown in Fig. 2, employing the approach of Secs. 2.1 and 2.2, use the following
data, which we also summarize in Tbl. 3.
1. Borexino: Borexino is a large-volume unsegmented liquid scintillator detector located
underground at the Laboratori Nazionali del Gran Sasso in Italy [96]. The collaboration
has released two event selections: one which has a livetime of 736 days selecting electron-
antineutrino candidate events over the entire fiducial volume and another one with 482
days of livetime designed to search for geo-neutrinos [97]. These event selections are
combined into a single set designed to obtain a pure sample of electron-antineutrinos
by means of searching for signatures of inverse beta decay. Using this selection, they
derive upper limits on the all-sky monochromatic electron-antineutrino flux ranging
from ∼ 105 to ∼ 102 ν¯ecm−2s−1, for energies ranging from ∼ 2 to 17 MeV, respectively.
We use these flux upper limits produced in [85], and compare it with one-sixth of the
all-flavor expected flux from dark matter to set our constraints.
2. SNO+: SNO+, located at the SNOLAB underground facility in Sudbury, Canada,
consists of a 12m diameter acrylic vessel that will ultimately be filled with 780 tonnes
of liquid scintillator and 800 kg of 130Te, with the goal of searching for neutrinoless
double-beta decay [98]. Recent measurements in the water phase of SNO+ searching
for invisible proton decay channels have been performed [99]. The event selection of
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Figure 5: Limits on p-wave, 〈σv〉 = b(v/c)2, velocity-dependent annihilation cross-section of
dark matter to two neutrinos. The cross section needed to explain the observed abundance
for thermal DM is 〈σvr〉 = 6× 10−26 cm3/s.
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Figure 6: Limits on the annihilation of neutrinos to dark matter through a d-wave process
〈σv〉 = d(v/c)4.
this analysis looks for an atomic de-excitation into two gammas prompted by proton
decay for a period of 114.7 days. For energies below ∼ 6 MeV the observed rate
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Energy Range Experimental
Analysis
Directionality Detected Flavor
2.5− 15 MeV Borexino [85] × ν¯e (IBD)
8.3− 18.3 MeV KamLAND [86] ν¯e (IBD)
10− 100 MeV JUNO [72] ν¯e (IBD)
15− 103 MeV SK [28] × ν¯e (IBD)
DARWIN [73] × All Flavors (Coherent)
0.1− 104 GeV DUNE [72], HK
[71]
× All Flavors
1− 104 GeV SK [87] νµ, ν¯µ (CC)
20− 104 GeV IceCube [88] All Flavors (NC)
50− 105 GeV ANTARES [64] νµ, ν¯µ (CC)
0.2− 100 TeV CTA [63] All Flavors (Bremsstrahlung)
10− 104 GeV IC-Upgrade [89] All Flavors
> 10 PeV IC Gen-2 [90] All Flavors
10− 104 TeV KM3Net [91] All Flavors
1− 100 PeV TAMBO [91] ντ , ν¯τ (CC)
> 100 PeV GRAND [69] ντ
Table 3: Summary of current and future experiments discussed in this work for
different energy ranges. The table also indicates whether the experimental analysis used
directional information and which neutrino flavors it relied on.
is well described by internal backgrounds produced by 214Bi and 208Ti decay chains;
at higher energies they are dominated by electron-antineutrinos from nearby nuclear
reactors interacting with atomic electrons. Neutrinos produced by dark matter can
induce a similar signal when they have neutral-current interactions with the medium.
We computed the distribution of electron recoils in neutrino-electron charged-current
interactions [100] and compared the expected rate to the observed sample rate given
in [99]. The resulting limits in the 5 to 30 MeV, assuming 100% electron detection
efficiency, lie above 〈σv〉 & 10−20 cm3s−1. We do not include this line in our figures
as inclusion of realistic efficiencies, which are not publicly available, will push these
limits up. Depending on the tellurium-loading schedule, an extended scintillator-only
run could substantially improve these limits.
3. KamLAND : KamLAND is an unsegmented liquid scintillator detector located in the
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Kamioka observatory near Toyama, Japan. The approximately one kiloton of mineral
oil fiducial volume is contained in a 13 meter balloon. Beyond its well-known work
on reactor neutrinos, KamLAND has measured the 8B solar spectrum [101], searched
for geoneutrinos [102], and placed limits on the flux of extraterrestrial neutrinos above
∼ 8.3 MeV [86] which constrains the supernovae relic neutrino flux. In the latter
work, an upper limit on the extraterrestrial flux of ν¯e is derived, which is at the
O(10) ν¯e cm−2s−1MeV−1 level and is given from 8.3 MeV to 18.3 MeV. Using this
result, we derive a constraint on the dark matter annihilation into neutrinos, shown in
salmon in Fig. 2. Note that in [86], the KamLAND collaboration also derives a similar
constraint, but with outdated J-factors; their result and ours are comparable. These
are the leading constraints in the ∼10 MeV mass range, but we expect that they will
be improved by the next-generation liquid scintillator detector in China, JUNO [103].
4. SK: Super-Kamiokande (SK) is a 50kt ultrapure water Cherenkov detector located in
Kamioka, Japan [104]. SK can use the morphology of the Cherenkov ring produced by
charged particles to perform particle identification, energy measurement, and obtain
directional information of the events. The unfolded electron- and muon-neutrino fluxes
in the sub-GeV to several TeV energy range has been published by SK [80]. This
unfolding uses data from the four stages, SK-I, SK-II, SK-III, and SK-IV, resulting
in a total livetime of 4799 days for the fully contained and partially contained event
selection and 5103 for the upward-going muon sample. The unfolded fluxes are expected
to be dominated by the atmospheric neutrino flux; in fact they are in agreement with
model predictions, e.g. the HKKM model [105], within systematic uncertainties. The
dominant source of uncertainties on the unfolded fluxes is the neutrino interaction cross
section, which introduces an uncertainty of approximately 20% in the unfolded flux.
In the case of electron-neutrinos, the second largest uncertainty is due to the small
statistics at high energies; which can be up to 10% in the highest energy bins. For
all flavors, all other sources of uncertainty are less than 5% across all energy bins. We
compare the unfolded flux with the expected flux from dark matter to produce limits on
galactic and extragalactic dark matter annihilation. These results are shown in purple
in Figs. 2, 5, and 8, and labeled as ♥SK-Atm. In order to obtain these limits we used
a binned truncated Gaussian likelihood in energy with two degrees of freedom. This
result is complementary with SK galactic dark matter annihilation analysis [92, 106],
shown in aqua in Fig. 2 and simply labeled SK. As expected, our limits are weaker
than ones produced by the collaboration, but they extend to lower energy and cover the
energy range from 0.1 to 100 GeV in dark matter mass. Additionally, we perform the
same analysis using low energy data from 2853 days of data from SK I/II/III, as well
as 2778 of data from SK phase IV, which led to an upper limit on the relic supernova
electron antineutrino (ν¯e) flux [107]; labeled ♥SK-ν¯e. The resulting limits on 〈σv〉 turn
out to be the strongest over the entire mass range that we consider, flirting with the
relic abundance line for masses between 27 and 30 MeV.
5. IceCube : The IceCube Neutrino Observatory is a gigaton ice Cherenkov neutrino
detector located at the geographic South Pole [108]. IceCube has measured the atmo-
spheric neutrino spectrum in the 100 GeV to 100 TeV energy range. By separating
the events into their observed morphologies (“cascades” and “tracks”), the collaboration
recently published the unfolded electron- and muon-neutrino atmospheric flux in this
energy range [81, 82]. At energies greater than 60 TeV, using events whose interaction
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vertex starts in the inner part of the detector [34, 36], they have also reported the result
of a piece-wise power-law fit to the astrophysical neutrino component using more than
six years of data [109]. We use these to produce limits on the velocity averaged dark
matter annihilation cross section by comparing the produced neutrino flux with the re-
ported unfolding or spectral fits. The obtained limits are shown for dark matter masses
from 200 GeV to 100 PeV, labeled ♥IceCube-HE and colored in dark magenta. Limits
use the same likelihood construction as in the case of the SK limits described above.
Note that the muon neutrino atmospheric unfolding reported by IceCube uses northern
tracks, which are unfortunately in the wrong hemisphere for the galactic center. There-
fore, for that sample, we only constrain extragalactic emission. Dedicated neutrino line
searches have not been yet performed by the IceCube collaboration, although sensitiv-
ities have been estimated in [110, 111] to be stronger than current IceCube constraints
in that region. We describe the region labeled IceCube-EHE below, in the description
of the high-mass region.
Additionally, we use the following previously-published limits on dark matter annihilation
obtained by constraining the galactic flux, rescaled to account for the galactic halo parameters
used here unless indicated otherwise:
1. Super-Kamiokande diffuse supernovae flux search : The gray region labeled SK
Olivares et al. is an independent analysis of SK all-sky low-energy data which uses
SK phases I through III to derive an upper bound on the supernova relic neutrinos [112–
114]. This analysis covers neutrino energies from 10 MeV to 200 MeV; see [115] for a
recent discussion of backgrounds in the low-energy range. The upper limit on super-
nova relic neutrinos was then converted into dark matter annihilation constraints, and
was originally presented in [28, 71, 116]. Recently, SK phase-IV data has placed new
constraints on the ν¯e flux in the 10 to 30 MeV energy range [107]. These observations
improve over KamLAND constraints [86] by a factor between 3 and 10 in their overlap-
ping energy range. Thus these observations dominate the constraints for dark matter
masses below ∼ 20 MeV. Where they overlap, these limits are not quite as strong as
the SK-ν¯e limits that we have presented, because their background modelling could not
use angular information which is not publicly available.
2. Super-Kamiokande Galactic dark matter search : The teal region, labeled SK,
is from [87]. This analysis uses muon-neutrino data in the energy range between 1 GeV
and 10 TeV collected by SK over 5325.8 days. Since this analysis relies on angular
information that is not public, it has not been rescaled to account for our choice of
galactic halo parameters.
3. IceCube/DeepCore Galactic dark matter search : The IceCube limits are from [88]
and use 329 days of IceCube data. These place constraints for masses in between 25 GeV
and 10 TeV. At the lowest masses, these limits include data from DeepCore, an array of
more closely deployed inner strings in IceCube. In addition, we include a limit derived
from 3 years of data using primarily tracks to constrain galactic center emission [117].
For display purposes, we join these two lines, choosing the best limit at each point, and
show it in navy blue, simply labeled as IceCube.
4. IceCube-Bhattacharya et al. is taken from Ref. [118]’s channel-by-channel unbinned
likelihood analysis of the HESE data, including energy, angular, and topology infor-
mation. They include both galactic and extragalactic constraints. Constraints that we
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derive (IceCube-HE) using only spectral information follow these limits quite closely at
higher energies since the small sample size prevent angular information from contribut-
ing significantly; at the lower end, their constraints become correspondingly stronger.
5. ANTARES dedicated Galactic dark matter search : The light blue region, labeled
ANTARES, is from a Galactic center analysis of nine years of ANTARES muon neutrino
and antineutrino data [64, 119]. This covers the dark matter mass range from 53 GeV
to 100 TeV.
6. Baikal dedicated Galactic dark matter search : The Baikal underwater neutrino
telescope [120, 121], NT-200, is a water Cherenkov detector deployed in lake Baikal,
Russia. It has an instrumented volume of approximately 100 kt and is comprised of
192 optical modules arranged on eight strings, with a typical distance between strings
of 21 m. The collaboration performed an analysis looking for dark matter annihilation
in the galactic center into neutrinos using data recorded between April of 1998 to
February of 2003 [122]. This analysis claimed to place limits on the cross section at the
10−22 cm3s−1 at 1 TeV dark matter mass. We do not add this result to our constraint
summary because there are stronger results in this mass range, but we do show the
projections of the next generation detector at lake Baikal, GVD.
Finally, Fig. 2, includes next-generation sensitivities that can be reached by future experi-
ments. These are shown as dashed lines:
1. DUNE : The DUNE far detector is a 46.4 kiloton liquid argon Time Projection Cham-
ber (TPC) [123]. Consequently, its main advantage in detecting neutrinos from DM
annihilation is its improved energy resolution with respect to Cherenkov detectors like
SK, ANTARES, or IceCube. Additionally, Liquid Argon TPCs provide very fine topo-
logical reconstruction, which e.g. can be exploited to make improved measurements of
solar neutrinos [124]. Thus, a dedicated DUNE analysis utilizing this directional capa-
bility can prove effective in a search for galactic dark matter annihilation to neutrinos.
In this work, we consider all neutrino flavors and take into account charged-current and
neutral-current processes, but do not take into account directionallity. We derive pro-
jected sensitivities for five years of data taking for dark matter masses in the range from
100 MeV to 1 TeV and show them in Fig. 2 as dashed orange lines. We assume that the
dominant background in this energy range is due to atmospheric neutrinos, where we
use the predictions provided in [125] at the Homestake gold mine where the DUNE far
detector is expected to be deployed. Consequently, the power of the sensitivity derives
primarily from electron- and tau-neutrinos, as the atmospheric neutrino background is
primarily composed of muon-neutrinos. We compute neutrino oscillations through the
Earth using the nuSQuIDS package [126, 127].
2. HyperKamiokande : Building on SK’s technology, a new water Cherenkov detector
with a fiducial volume of 187 kton called Hyper-Kamiokande (HK) will be built in
Kamioka, Japan [128]. Due to its larger size, this detector will be able to place stronger
limits on the DM annihilation cross section to neutrinos than its predecessor [71]. In
fact, HyperKamiokande is estimated to reach ∼ 10−25 cm3s−1 for 1 GeV dark matter
and ∼ 10−22 cm3s−1 at 104 GeV with ten years of data taking [129]. Furthermore,
the possibility of doping both the SK and the HK detectors with gadolinium (Gd) will
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reduce the dominant background for low-energy analyses by a factor of five and conse-
quently, improve the constraints on DM annihilation [130, 131]. We derive projected
sensitivities for five years of data taking for dark matter masses in the 100 MeV to 1
TeV range; these are shown in Fig. 2 as dashed gray lines. Similarly to our DUNE
analysis, we assume that the dominant background in this energy range is due to at-
mospheric neutrinos, where we use the predictions provided in [125] at the Kamioka
mines, and allow these neutrinos to oscillate through the Earth using the nuSQuIDS
package [126, 127]. Like DUNE, the sensitivity strength derives primarily from the
expected electron- and tau-neutrinos signal. Taking advantage of this channel explains
why our estimates are better than ones presented in [129]; see [132] for a discussion on
“shower power”.
3. JUNO : The Jiangmen Underground Neutrino Observatory [103] is a 20 kt unsegmented
liquid scintillator detector under deployment in the Guangdong province of China. The
detector has a muon tracker on top of it and is also surrounded by water. Both of these
systems can be used to veto cosmic-ray muons by either tagging them in the muon
tracker or by detecting their Cherenkov light in water. Due to its large volume and good
energy resolution (estimated to be 3%/
√
E/MeV) we expect that this experiment will
have good sensitivity for neutrino line searches. The sensitivity of JUNO to dark matter
annihilation to neutrinos has been estimated in [72]. According to this projection,
JUNO is expected to constrain the velocity-averaged annihilation cross section better
than 10−25 cm3s−1 in the 10 to 80 MeV mass range.
4. IceCube Upgrade : The IceCube Upgrade is an extension of the current IceCube/ Deep-
Core array with seven closely-packed strings. These new strings will be separated by
approximately 20 meters and each contain 100 photomultiplier tubes spaced vertically
by 3 meters [133]. Additionally, a number of calibration devices and sensors will be
deployed to improve the modelling of the ice [134, 135]. In Ref. [89] a preliminary esti-
mation of the IceCube Upgrade sensitivity was performed. It is expected to be better
than 10−24 cm3s−1 for a 10 GeV dark matter mass.
5. IceCube Gen-2 : The next-generation ice Cherenkov neutrino observatory in Antartica
is a substantial expansion to the current IceCube observatory, aiming at enhancing
the detector volume by a factor of ten [90]. This increased effective area is expected
to provide a better sensitivity to resolve sources of high-energy cosmic neutrinos and
identify components of cosmic neutrino flux. Dark matter annihilation limits from
IceCube presented here should therefore scale by at least the increased sample size due
to the larger effective area. Since estimates of a diffuse flux sensitivity have not been
published, we do not show them here.
6. Baikal-GVD : The Baikal Gigaton Volume Detector (GVD) is a planned expansion to
the existing NT-200 detector, and is currently being deployed in lake Baikal, Russia.
The detector has recently reached an effective volume of ∼ 0.25 km3 and has already
seen first ν-light [136]. The full array will contain 10,386 optical modules divided
among 27 clusters of strings, and is expected to have a final instrumented volume of
around 1.5 km3. The sensitivity of GVD to galactic dark matter annihilation has been
estimated in [137] and is shown as a dashed brown line labeled GVD.
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7. KM3Net : The km3-scale water Cherenkov detector currently under construction in
the Mediterranean sea is designed to provide high-purity increased effective areas in
the Southern Hemisphere. The larger effective area and improved angular resolution,
compared to ANTARES, are expected to provide better constraints on galactic dark
matter. Two separate sites are under construction for low- and high-energy regimes [91].
The high-energy site, called KM3NeT/ARCA, will consist of two detector array blocks
located approximately 100 km offshore from Porto Palo di Capo Passero, Sicily, Italy.
One block is expected to have 84 strings with an average spacing of 95 m, while the other
will have 112 strings with similar spacing. The low-energy site, called KM3NeT/ORCA,
consists of one array block and is under deployment approximately 40 km south of
Toulon, France; close to the ANTARES site. The array is made out of 115 strings with
an average horizontal spacing of 20 m. Each string contains 18 optical modules; in
KM3NeT/ARCA they are spaced vertically by 36 m, while in KM3NeT/ORCA they
are spaced 9 m. The horizontal spacing and number of strings are proportional to
the effective volume of the experiment, while the vertical spacing is related to the en-
ergy threshold [138]. KM3NeT/ARCA’s science program is mainly oriented towards
higher-energy (astrophysical) neutrino searches, while KM3NeT/ORCA will measure
neutrino oscillations using atmospheric neutrinos Assuming an E−2 democratic-flavor
astrophysical neutrino flux with a normalization of ∼ 1.8 × 10−8GeV−1s−1cm−1sr−1
and an exponential cut-off at 3 PeV they expect to see 11 νµ’s, 41 νe’s, and 26 ντ ’s in
five years of KM3NeT/ARCA operation [91]. In Fig. 2 we show the KM3NeT/ARCA
expected sensitivity to dark matter annihilation to neutrinos in five years of data tak-
ing [139]. Their sensitivity is within a factor of a few from the expected relic abundance
cross section for dark matter masses around a TeV.
8. TAMBO : The Tau Air-Shower Mountain-Based Observatory is a proposed array of
small water-Cherenkov detectors to be deployed on either the Colca Valley or Cotahuasi
Canyon in Peru [140]. These are two of the world’s four deepest valleys and their
unique geometry allow for efficient detection of Earth-skimming PeV ντ . Most of the
Colca Valley runs along a North-South corridor, though a smaller section of it has
an East-West corridor. If deployed in the East-West corridor of the Colca valley the
declination band covered is −15.5 ± 10 degrees, while in the North-South corridor
it would be −15.5 ± 50 degrees. These two provide two extreme configurations in
terms of its GC exposure, while a deployment in the Cotahuasi canyon, which has an
approximately diagonal corridor, would provide an intermediate exposure. TAMBO’s
effective area is expected to be 10 times larger than IceCube ντ [34] at a PeV and 30
times larger at 10 PeV. The use of the Earth-skimming technique is complementary to
very-high-energy Earth-traversing neutrino searches [141] and the fact that it relies on
the Cherenkov effect, rather than the higher energy threshold Askarian effect, gives it
unique potential to constrain dark matter in the tens of PeV mass range. Depending on
the final geometry of TAMBO its sensitivity to dark matter ranges from 10−22 cm3 s−1
to 4 × 10−21 cm3 s−1 for a 1 PeV dark matter mass. A similar detector has been
proposed to be deployed in Hawaii [142].
9. CTA: The Cherenkov Telescope Array is a planned network of 99 air Cherenkov tele-
scopes in the southern hemisphere and 19 in the northern hemisphere that will collec-
tively provide full-sky coverage of the gamma ray sky over an energy range from 20
GeV to 300 TeV [143]. Several CTA prototypes have been built and some have already
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seen first light. The telescopes are projected to have an angular resolution down to
0.1 degrees and a duty cycle of ∼ 15%. For high-mass dark matter annihilation into
neutrinos, electroweak final-state radiation can also lead to the production of gamma
rays, despite a completely “invisible” νν¯ final state, and can thus be constrained by
gamma ray observations of the Galactic center with CTA; see Sec. 2 for more details.
The expected limits from CTA were computed in [63], and shown as a dashed silver
line assuming 100 hours of observation.
We note that the 10 MeV – 1 GeV range can in principle be covered by future tonne-scale
dark matter direct detection experiments such as DARWIN and ARGO [73]. However, these
are still in their planning phases, meaning that construction is still decades away, and very
long (& 10 years) exposure times are required to be competitive with HyperK. For this reason
we do not show them here.
Fig. 4 shows the extension of available constraints to larger masses, above the “unitarity
bound,” accessible e.g. for composite DM models [144]. These bounds are calculated by
converting either the detected flux or reported upper limits, from observatories sensitive to
these mass range, into a conservative upper bound on the DM annihilation to neutrinos. The
following experiments are sensitive to this regime:
1. Auger : The Pierre Auger Observatory is a hybrid detector consisting of both an array
of water Cherenkov surface detectors and atmosperic fluorescence detectors. Located
in Malargu¨e, Argentina [145] and operational since 2004, the collaboration has made
a multitude of measurements of the highest energy cosmic rays. This includes mea-
surements of the spectral distribution of cosmic rays beyond the GZK limit, anisotropy
searches, as well as fits to their mass composition. Beyond the extensive cosmic ray pro-
gram, Auger is able to probe extremely-high-energy neutrinos by searching for showers
developing deep in the atmosphere, since showers induced by cosmic rays are likely to
develop much earlier. Another possible detection channel is upgoing tau lepton showers,
which are induced by Earth-skimming tau neutrino interactions near Earth’s surface.
In 2017, the collaboration reported a limit on the diffuse flux of high energy neutrinos
between 108 − 1011 GeV [70] which we use to set a bound on 〈σv〉 for such energies
(purple line in Fig. 4).
2. IceCube-EHE : Beyond the astrophysical neutrino flux, IceCube performs searches for
GZK neutrinos using a dedicated sample of events that deposit extremely high energies
(EHE) in the detector. The most recent search used nine years of data and set limits on
the GZK flux. we use these limits [38] to derive an upper bound on the DM annihilation
cross section to neutrinos between 107 − 1011 GeV, represented by a light brown line
in Fig. 4.
3. ANITA: The ANtarctic Impulsive Transient Antenna is an array of radio antennas
attached to a helium balloon that flies for ∼ 30 days at a time above Antractica.
The goal of this experiment is to measure the GZK (cosmogenic) neutrino flux by
detecting radio showers emitted by extremely-high-energy neutrinos after interacting
in the Antarctic ice [146]. The collaboration has successfully completed four such
flights, setting the strongest limits on GZK neutrino fluxes above 1011 GeV; anomalies
notwithstanding. We derive limits on dark matter annihilation to neutrinos by rescaling
the reported upper limits from the fourth flight of ANITA [147]. The limits are shown
in red in Fig. 4.
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4. GRAND : The Giant Radio Array for Neutrino Detection is a proposed large-scale
observatory consisting of 200,000 radio antennas covering 200,000 km2 near a mountain
range in China. This experiment plans to use the surrounding mountains as a target
for Earth-skimming tau neutrinos. After the neutrinos interact in the mountain, a
tau lepton should be observed exiting the mountain and subsequently decaying in the
atmosphere. The immense coverage will allow GRAND to probe GZK neutrino fluxes
that are at least an order of magnitude below current limits [69]. We convert their
3-year sensitivity to the GZK neutrino flux between 108 − 1011 GeV into sensitivities
on 〈σv〉 shown as a dashed navy blue line in Fig. 4.
3.1 Velocity-dependent annihilation
Fig. 5 shows the corresponding limits for p-wave annihilation, and Fig. 6 provides limits
on d-wave annihilation. In these cases, we follow the procedures outlined in Sec. 2.3, to
reweight the astrophysical portion of the flux prediction (Eqs. (2.1) and (2.8)) to account
for the dark matter velocity dispersion. We do this for all-sky searches since analyses where
the angular distribution of the neutrinos has been taken into account are not easily re-scaled
when considering the velocity distribution of DM particles within the halo. Similarly, all
the constraints taken from the literature are re-scaled using our choice of halo parameters
(see Tbl. 1 for halo parameters and J-factor for the different analyses in the literature).
Unsurprisingly, the limits on 〈σv〉 are much weaker for p− and d−wave processes due to the
strong velocity suppression. In contrast to the s−wave case, where the smallest halos tend to
dominate the expected signal, velocity-suppressed annihilation is strongest in the largest DM
halos where dispersion velocities are higher. These limits are thus insensitive to the value of
the minimum halo mass Mmin. However, the constraints from annihilation in the Milky Way
halo remain dominant over the extragalactic contribution.
3.2 Dark matter halo uncertainties
As previously mentioned, a major source of uncertainty comes from the spatial dark matter
distribution, because of the n2χ dependence in the annihilation signal. For galactic constraints,
this is mainly reflected by uncertainties in the Milky Way dark matter distribution. For
extragalactic constraints, we focus on the shape of the halo mass function and the minimum
dark matter mass, which determines how far down extrapolations of the HMF must go to
account for the total DM contribution.
Milky Way halo shape parameters: To quantify the effect of the uncertainty on the
MW halo shape parameters, we use the code provided by the authors of [49], which computes
the log-likelihood as a function of halo shape parameters {ρ0, rs, R0, γ}, given observed stellar
kinematics data. We profile over the 4 degrees of freedom, modifying the code to account
for GRAVITY measurements of R0, and obtain 68% and 95% C.L. ranges on the J-factors
which we propagate to a range on 〈σv〉 for the Borexino, SK, and IceCube analyses. These
are shown as dark and light bands, respectively, in Fig. 7.
Halo Mass Function uncertainties: The largest contributions to uncertainties in the
cosmological limits come from 1) the choice of HMF parametrization, and 2) the choice of
minimum halo mass, Mmin. In our analyses we have employed the simulation-driven HMF
fit by Watson et al. [78]. In figure 8, we show the boost factor G(z) defined in Eq. (2.8), for
four different parametriziations from the literature: The analytic Press & Schechter formal-
ism [148, 149], Sheth & Tormen [150, 151], and Tinker [152]. The width of the bands comes
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Figure 7: Uncertainties on the s-wave annihilation cross section for a subset of
our results. Solid lines correspond to the limits discussed in Sec. 3. For all galactic limits,
namely Borexino, Super-Kamiokande, and IceCube, the 68% (dark bands) and 95% (light
bands) uncertainties arise from the allowed variation on the dark matter distribution in the
Milky Way, assuming a generalized NFW profile. The width of the uncertainty band for the
extragalactic limits, obtained by comparing to the unfolded neutrino flux from IceCube and
Super-Kamiokande, is dominated by the choice of the minimum halo mass, Mmin, although
it includes the uncertainty in the choice of HMF dn/dM , see Fig. 8. For our nominal choice
of HMF, we choose the value of Mmin that yields the weakest constraint.
from varying the minimum halo mass from 10−3 to 10−9M. The band labeled “Extra-
galactic” in Fig. 7 shows how this range propagates through to the cross section constraints.
Since there is no way of statistically quantifying the error on the HMF and minimum halo
mass, we choose the most conservative scenario Mmin = 10
−3M for our choice of HMF,
corresponding to the solid magenta line in Fig. 7.
4 Discussion & Conclusions
We have presented a comprehensive set of limits on dark matter annihilation directly to
neutrino-antineutrino pairs, for a DM mass range from 10−3 GeV to 1012 GeV. Remarkably,
there exists uninterrupted coverage of this entire range by the multitude of neutrino detectors
that have been in operation over the past decade. The strongest limits unsurprisingly come
from dedicated analyses that include direction and energy information, such as those per-
formed by Super-Kamiokande [87, 106], IceCube [88], and ANTARES [91]. Unfortunately,
such analyses become difficult to accurately recast, as the event information and detector
effective area and response are not typically made publicly available.
Because the DM density is a fixed constraint, the annihilation rate to neutrinos scales as
m−2χ . A surprising feature of the constraints we have presented here is that they remain
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Figure 8: The halo boost factor G(z) as a function of redshift for several
parametrizations of the HMF dn/dM . Our extragalactic constraints use Watson et.
al [78]. Fig. 7 shows the effect of choosing a different parametrization on the limits.
approximately flat, rising only two orders of magnitude from 〈σv〉 . 10−24 cm3 s−1 to 10−22
cm3 s−1 across 14 decades in energy, with some slightly weaker constraints approaching
mχ ∼ 1012 GeV. We attribute this to two main features, which highlight the unique promise
of neutrino astronomy: 1) the neutrino-nucleus cross section, which determines the detection
efficiency, grows strongly with CM energy; and 2) neutrino detectors built for high-energy
observations must necessarily be larger, to compensate for the lower expected flux from
extragalactic sources, and the larger size of the detectable Cherenkov cascades caused by
neutrino interactions. At energies above ∼ 1010 GeV, neutrinos become the only probe of
high-energy extragalactic processes.
For s-channel annihilation, next-generation experiments will finally venture below the ex-
pected thermal relic abundance for 10 MeV masses. In fact, our analysis of the recent SK
phase-IV data [107] is within a factor of a few from the relic abundance expected value.
Similarly, with the realization of a cubic kilometer detector in the Northern Hemisphere, the
sensitivity in the TeV energy range gets close to the thermal relic expectations. Beyond the
expected thermal relic cross section there are some intriguing hints for dark matter that could
be tested with neutrinos, here we mention a few.
The EDGES collaboration recently reported an abnormally low-temperature absorption
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feature in the 21 cm global spectrum at a redshift of z ∼ 17 [153]. A suggested explanation
is excess gas cooling by millicharged dark matter [72, 154, 155], see also [156]. In such
scenarios, a neutrino line is expected in the 10 MeV range [72]. This model requires 2%
of the DM to annihilate to muon and tau neutrinos, with a cross section around 10−25
cm3s−1. As indicated in Fig. 2, this parameter space is rapidly closing. Goodenough and
Hooper [157] noted an excess of gamma-rays seen by the space-borne Fermi-LAT instrument
in the direction of the galactic center in an energy range from 3-10 GeV. Despite considerable
debate, this signal remains consistent with what is expected from DM annihilation [158], e.g.
it can be well explained by dark matter annihilation into bb¯ with a mass of ∼ 30 GeV and
an annihilation cross section of the order 10−26 cm3s−1 [159–161]. Recent analyses of the
AMS-02 cosmic-ray data [162] have found hints of an excess in cosmic ray antiprotons, that
can also be explained by ∼ 30 GeV WIMPs annihilating to W+W− or b quark pairs with
a very similar cross section [163]. The detection of a complementary neutrino signal to
what is seen in the GC would be a powerful indication of new physics processes at work.
Additionally, the tension between cascades and tracks in IceCube [36, 82] hints towards a
more complex spectral scenario. In fact, fits assuming dark matter annihilation or decay
into neutrinos have been performed on the HESE data [118, 164], see also [165], and show
a slight preference for a component from TeV dark matter, though in tension with gamma-
ray observations [166]. From this discussion it is clear that elucidating the origin of the
high-energy neutrino excess will require correlated observations with gamma-rays and novel
analysis techniques, see e.g. [167].
We hope for further surprises and point out the great room for improvement with dedicated
analyses; e.g. our DUNE and HK estimations do not yet use directional information. Like-
wise, high-energy neutrino observatories are expected to improve their angular and energy
resolutions in the next generation and a combination of their data sets would improve over
our projected sensitivities.
The annihilation of dark matter to neutrino pairs is the most invisible channel: the con-
straints that we have provided here are thus closing the window on dark matter annihilation
into standard model products, and are thus rapidly narrowing down the available parameter
space where WIMP-like dark matter may still be hiding.
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